Abstract: For the assessment of existing slopes, the precise determination of slope 10 stability is challenging, in part due to the spatial variability that exists in soils. Such It has been demonstrated that the uncertainty in the slope stability can be reduced, 29 and that this usually leads to an increase in the calculated slope reliability. 
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Introduction

34
Conventional methods for the determination of slope stability are deterministic, with 35 soil properties characterised as constants for a given soil layer and each specified 36 layer assumed to be homogeneous. The results tend to be expressed as a single 37 number; that is, by a factor of safety (FOS) (Fredlund and Krahn, 1977; Griffiths and 38 Lane, 1999). However, natural soils are highly variable and heterogeneous (Phoon 39 and Kulhawy, 1999). The limitations of deterministic methods, which do not explicitly 40 account for variability and uncertainty related to soil parameters, have been 41 highlighted, e.g. by Vanmarcke (1977) , Gui et al. (2000) and Cho (2007) , and it has better explain the slope failure mechanism and also the prediction of wall and 89 ground responses in the staged excavation. 90 Lee and Kim (1999) used the extended Bayesian method in tunnelling 91 engineering and tried to back-calculate four parameters, i.e. the elastic modulus, the 92 initial horizontal stress coefficient at rest, the cohesion and the internal friction angle. The framework of the proposed numerical approach is shown in Figure 1 . The flow 155 chart shows that it can be split into two parts: inverse and forward analyses. Inverse 156 analysis is possible where there are measurements available, i.e. pore pressures in 157 this paper. Synthetic data have here been used to provide a fully known solution 158 against which the method can be tested, and are sampled to provide a proxy for real 159 measurements. In the remainder of the paper these sampled data are referred to as 160 "synthetic measurements". 161 The analysis starts with an estimation of the hydraulic conductivity in the field, 162 which is the distribution of hydraulic conductivity characterised by its mean, 163 standard deviation and scales of fluctuation. Based on this statistical characterisation 164 of the hydraulic conductivity an RFEM analysis can be undertaken, whereby multiple 165 realisations of the hydraulic conductivity field are generated and analysed to give a 166 distribution of computed pore water pressure fields. Then, via the EnKF, the 167 ensemble of realisations are compared to the synthetic measurements, so that the 168 estimation of the hydraulic conductivity field can be updated/improved. 169 The forward analysis benefits from the output of the preceding inverse analysis. 170 The updated hydraulic conductivity field improves the computed pore pressure field, 171 which in turn affects the effective stress field. In addition, by using the 172 cross-correlation between the hydraulic conductivity and strength parameters, the 173 strength parameters can also be updated. Another RFEM analysis is then carried out, 174 this time to obtain a probabilistic description of the slope stability. However, the 175 EnKF method cannot be used to update the slope stability, as the shear strength cannot be easily/directly measured in a non-destructive way. each element is equal to 1/N.
319
At the end of the iteration process, the ensemble mean is considered to be the 320 best estimate of the hydraulic conductivity field, and the pore pressures generated 
Results
337
As previously stated, the results of an arbitrary realisation have been selected to 338 represent the actual spatial variability of hydraulic conductivity at the site, which 339 means that the hydraulic conductivity is known at all points, i.e. in contrast to a real 340 situation where it would not be known everywhere. In the analysis, the embankment 341 is assumed to be homogeneous, whereas the foundation is heterogeneous. This is for 342 simplicity, to enable better understanding of the performance of the model.
343
Moreover, the hydraulic conductivity is assumed to be isotropic, i.e. the same in the The realisation selected to provide the measured data is shown in Figure 3 seen that the estimation of the local hydraulic conductivity field improved quickly.
408
After 5 iterations, there is no significant change in the estimation. 
Sensitivity analysis of EnKF
410
A sensitivity analysis has been undertaken to study the influence of various aspects. shows that, when the size of the ensemble is too small (i.e. 200), the RMSE oscillates.
451
It was found that, for the problem analysed, 500 ensemble members were sufficient, 452 although for other problems this may not be the case. can be correlated to the shear strength of a soil in a certain setting. However, the 535 correlation properties will depend on how the variation of a soil in a certain locale 536 depends upon the particle size and/or porosity distributions.
537
The correlation matrix that has been used, for illustrative purposes, is This section studies the sensitivity of the FOS distribution to different correlation 588 coefficients. Table 1 gives the scenarios which have been studied. Scenario 1 is to 589 keep , constant and change , . Scenario 2 is the opposite. Scenarios 1 and 590 2 do not take account of the cross-correlation between cohesion and friction angle.
591
In Scenario 3, the cohesion and friction angle are cross-correlated.
592
In the case which does not utilise inverse analysis, It can be seen in Figure 14 In Figure 14( Tables  792   Table 1 . Scenarios for the sensitivity analysis of the cross-correlation coefficients 793 
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